T wo-dimensional (2D) corre l ation spectro s c o py has recently received keen interest because it is a totally n ew and powerful spectral analytical method [1] [2] [3] [4] . The 2D correlation spectroscopy enables us to obtain spectral information not readily accessible from one-dimensional spectra by spreading spectral peaks over the second dimension [1] [2] [3] [4] [5] [6] [7] . Band assignments and studies of inter-and intramolecular interactions become easier by selective correlations between various bands in synchronous and asynchronous 2D correlation spectra. Probing the specific order of the spectral intensity va ri ations is also possible by inspecting the asynchronous 2D spectra. 
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O ri ginal 2D corre l ation spectro s c o py was proposed by Noda [1, 2] in 1986 as 2D correlation mid-infrared (MIR) * Cor respondence and reprints.
Two-dimensional (2D) correlation analysis has
been applied to analyze protein and fat concentration-dependent near-infrared (NIR) spectral variations of milk. Synchronous and asynchronous 2D correlation spectra of milk enhance spectral resolution and provide information about concentration-dependent intensity changes not readily accessible from one-dimensional spectra. The asynchronous 2D correlation map shows marked differences between the protein and fat concentration-dependent spectral changes.
spectroscopy. In this 2D MIR spectroscopy, a sample system is excited by an ex t e rnal pert u r b at i o n , wh i ch induces a dynamic fluctuation of the vibrational spectrum. A simple cross-correlation analysis was applied to sinusoidally varying dynamic spectral signals to obtain a set of 2D MIR correlation spectra [1, 2] . This 2D MIR spectroscopy was successful in the inve s t i gations of systems stimu l ated by a small-amplitude mechanical or electrical perturbation [8, 11] . However, the previously developed approach had one shortcoming; the time-dependent behavior (i.e. , wave fo rm) of dynamic spectral intensity variations must be a simple sinusoid in order to effectively employ the original data analysis scheme [1, 2] . Therefore, in 1993 Noda [3] presented a m o re ge n e ra l ly ap p l i c abl e, yet re a s o n ably simple, m at h ematical formalism to construct 2D correlation spectra from a ny transient or time-re s o l ved spectra having an arbitra ry waveform. New 2D correlation spectroscopy was named as ge n e ra l i zed 2D corre l ation spectro s c o py [3, 4] . The new ly proposed 2D correlation spectroscopy can be applicable to various types of spectroscopy, including near-infrared (NIR) and Raman spectroscopy. The 2D heterospectral correlation analysis such as 2D NIR-MIR analysis is also possible by use of generalized 2D correlation method.
Since 1993, generalized 2D correlation spectroscopy has been applied to various subjects for basic research [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . For example, temperature-dependent NIR spectral variations of self-associated molecules such as alcohols and amides [ 1 3 , 1 6 ] , and the secondary stru c t u res of proteins [19, 20] we re inve s t i gated by ge n e ra l i zed 2D corre l ation spectroscopy. All the systems investigated thus far were rather simple systems consisting of one to a few components and no one has applied generalized 2D correlation spectroscopy to complicated systems such as biological fluids, tissues, and medical samples.
The purpose of the present paper is to explore potential of two-dimensional correlation spectroscopy in the analyses of NIR spectra of complicated biological fluids. Milk has been taken up as the first example because NIR spectroscopy has recently been used for quantitative analysis and quality eva l u ation of milk [22, 25] . Chemometrics has been e m p l oyed for the ab ove purp o s e s , but so far there is no report about detailed NIR spectral analysis of milk.
Experimental

Sample preparation
Six milk samples from six cows (numbered as cow 402 # , 406 # , 429 # , 458 # , 926 # , 934 # ) were selected to construct 2D NIR corre l ation spectra. These cows we re under routine feeding management. Table I shows protein and fat contents of the milk samples determined by Milkoscan 134 A/B (N Foss Electric, Denmark).
NIR measurements
NIR spectra in the 1100 − 2 500 nm region were measured with a step size of 2 nm at 40°C by an InfraAlyzer 500 NIR spectrometer (Bran-Luebbe). The milk samples were homogenized and incubated into a 40°C waterbath prior to NIR measurements. A transflectance liquid sample cell (0.1 mm path length) was employed.
Two-dimensional correlation analysis
A software used in the present study was prepared by one of the authors (Y. Wang) by use of the Array Basic programming language offe red by The Galactic Industri e s Corporation. The algorithm adopted in the 2D software is based upon the newly developed theory of generalized 2D correlation spectroscopy [4] . Two series of 2D NIR correlation spectra have been constructed based upon two series of dynamic spectra consisting of protein and fat concentrationdependent NIR spectra of the milk samples. Figure 1 shows NIR spectra in the 1100 − 2 500 nm region of milk samples taken from the six cows. The spectra are dominated by two strong absorption bands near 1440 and 1 920 nm due to water, but there also observed several weak features near 1150, 1 207, 1 722, 1 763, 2 306, and 2345 nm. Table II summarizes proposed assignments of bands in the NIR spectra of milk. These assignments have been made by referring to NIR spectra of water, proteins, fats, and glucose [26, 27] . ν a (OH) band and of the 2ν a (CH) and 2ν s (CH) bands vary out-of-phase each other. This conclusion seems to be inconsistent with that re a ched from the synch ronous spectru m . Probably, the spectral changes in the 1400 − 1 500 nm and 1 710 − 1 770 nm regions are rather complicated because the water band consists of several component bands and the two C H 2 s t re t ching bands contain contri butions from va ri o u s components of milk. We need more thorough studies based upon 2D correlation analysis of each component of milk.
Results and discussion
Figures 3a and b depicts 2D NIR correlation spectra in the 1 100 − 1 800 nm region constructed from fat concentration-dependent spectral changes of milk, respectively. The s y n ch ronous map for fat concentrat i o n -d ependent spectra l variations (Fig. 3a) bears close resemblance to that for protein concentrat i o n -d ependent spectral va ri ations (Fi g. 2 a ) . H oweve r, the corresponding asynch ronous maps show markedly different correlation patterns. The differences are more clearly observed in the three-dimensional (3D) representation of the asynchronous spectra shown in figures 4a and b. It is noted that the most clear diffe rences are conc erned with the cross peaks between the band at 1722 or 1 760 nm arising from the CH 2 groups and the broad water band near 1440 nm. Therefore, it seems that the spectral changes in the asynchronous maps between the protein and fat concentrat i o n -d ependent spectra re flect the hy d ro p h i l icity and hydrophobicity of the proteins and fat. Of particular interest is that the wavelengths (1722 and 1760 nm), which show the distinct differences in the asynchronous spectra, were used as specific wavelengths in a chemometric model which predicted the concentrations of total proteins and fat [25] . Th u s , the 2D corre l ation analysis may be useful to interpret chemometric models and to predict specific wavelengths.
In fi g u res 5a and b are shown synch ronous and asynchronous 2D NIR correlation spectra in the 2200 − 2 400 nm region constructed from protein concentrat i o n -d ep e n d e n t spectral changes of milk, respectively. The corre-sponding spectra for fat concentration-dependent spectral changes are p resented in fi g u res 6a and b, re s p e c t ive ly.
